ABSTRACT: Paleosols at Polecat Bench, northern Bighorn Basin, Wyoming, show prismatic structures not previously described in the Paleogene Willwood Formation. Prisms are densely spaced 15-50 mm diameter cylinders with vertical to slightly sinuous paths up to 400 mm long, subangular to rounded vertical faces, and slightly concave to convex tops. Prism exteriors are coated commonly by , 1-mm-thick clay films; exteriors also commonly show knobby and striated surficial morphologies. Prismatic structures are nearly exclusive to thin-bedded (, 1 m thick) compound paleosols composed of red to red-purple sandy mudrock overlying gray to green-gray heterolithic units composed chiefly of fine-grained sandstone. In addition to prismatic structures, these paleosols are characterized by large gray mottles, slickensides, and calcareous rhizocretions which crosscut or more typically follow prism exteriors. The architectural and surficial morphology of the soil prisms suggest strongly that these are pedogenically modified freshwater crayfish burrows of the ichnospecies Camborygma litonomos.
INTRODUCTION
This paper presents evidence that prismatic soil structures in a series of paleosols at Polecat Bench, northern Bighorn Basin, Wyoming, U.S.A., originated as freshwater crayfish burrows that mediated the pedogenic development of some alluvial deposits in the Paleogene Willwood Formation. In addition, the depth and stratigraphic distribution of burrow-mediated soil prisms provide details about hydrologic and climatic changes through a short-term, global-warming episode known as the Paleocene-Eocene Thermal Maximum (PETM). Multiple lines of evidence suggest that temperatures increased in the Bighorn Basin during the PETM (e.g., Fricke et al. 1998a; Bao et al. 1999; Koch et al. 2003) , but interpretations differ as to the effects on the regional precipitation patterns and paleohydrologic regime (e.g., Shellito et al. 2003; Bowen et al. 2004; Wing et al. 2005; Kraus and Riggins 2007) .
Burrows reported here represent the first clear fossil evidence of freshwater crayfish from the Willwood Formation. In addition, this study shows that such soil biota as crayfish initiated and enhanced the pedogenic development of some Willwood soils. The occurrence and abundances of crayfish burrows in paleosols forming before, during, and after the PETM reflect changes in hydrology in the Bighorn Basin and climate during the early Eocene and may also help to resolve conflicting paleoprecipitation interpretations for the Bighorn Basin during the PETM global warming event.
GEOLOGIC SETTING
Polecat Bench in the northern Bighorn Basin is a Pleistocene river terrace overlying an older, southwest-dipping sedimentary rock succession spanning the uppermost Cretaceous through the lower Eocene (Bowen et al. 2001; Gingerich 2001) . The basal , 100 m of the Paleogene Willwood Formation crops out at the southern end of Polecat Bench to the north, and west of the town of Powell, Wyoming (Fig. 1) . The 780-mthick Willwood Formation is composed of alluvial mudstones, siltstones, and sandstones deposited throughout the Bighorn Basin of northwest Wyoming during the latest Paleocene and earliest Eocene (Neasham and Vondra 1972) . The Willwood contains an extensive and important biostratigraphic record of Paleocene to early Eocene mammals (e.g., Gingerich 1989 Gingerich , 2001 ). In addition, a diverse assemblage of plant, invertebrate, and vertebrate trace fossils are abundant in Willwood paleosols and alluvial deposits (Bown and Kraus 1983; Hasiotis et al. 1993a ; Kraus and Hasiotis 2006) .
Paleocene-Eocene Thermal Maximum
An , 40 m section of the Willwood Formation at Polecat Bench records the Paleocene-Eocene Thermal Maximum (PETM), a transient, though dramatic, global-warming event that began , 55 Ma and lasted , 100,000 years (Bowen et al. 2001; Gingerich 2001 ). The PETM is recognized worldwide by strongly negative carbon isotope values in marine carbonates and pedogenic carbonate from continental deposits (e.g., Koch et al. 1992; Zachos et al. 1993; Bowen et al. 2001; Bains et al. 2003; Koch et al. 2003) . Oxygen isotope compositions of carbonate nodules , tooth enamel, gar scales, and Fe oxides (Fricke et al. 1998b; Bao et al. 1999) , and independent data from leafmargin analysis (Wing et al. 2000) , suggest that mean annual temperatures increased by 3-7uC from late Paleocene estimates to , 26uC in the Bighorn Basin during the PETM. Leaf-area analyses (Wing et al. 2005 ) and mineral weathering indices (Kraus and Riggins 2007) suggest a nearly 40% decline in mean annual precipitation, contrary to previous studies indicating increased precipitation during the PETM (e.g., Bowen et al. 2004 ). The PETM interval at Polecat Bench coincides with the Wasatchian-Meniscotherium (Wa-M) and Wasatchian-0 (Wa-0) faunal biozones, which mark the extinction of many Paleocene mammal species and the first appearance of artiodactyls, perissodactyls, and primates in North America (Gingerich 2003; Magioncalda et al. 2004 ).
METHODS
Fifty-four measured sections were excavated from 20 m below to , 20 m above the , 40 m PETM interval at Polecat Bench (Fig. 2) . The stratigraphic position of the PETM interval is based on previous stableisotope studies (Bowen et al. 2001; Gingerich 2001; Bains et al. 2003) . Lithologic units within each measured section were distinguished based on grain size, matrix color, and the presence and abundance of such pedogenic features as mottles, slickensides, nodules, rhizocretions, and other trace fossils (e.g., Kraus and Gwinn 1997) . Multiple trenches were excavated through key marker beds given provincial names by Gingerich Bowen et al. (2001) and Bains et al. (2003) .
(2001) to document lateral variability of paleosols and trace-fossil distributions. The stratigraphic position, abundance, physical dimensions, lateral occurrences, and vertical tiering of trace fossils were recorded for each lithologic unit. Ichnofossils are described according to their architectural and surficial burrow morphology and burrow fill from outcrop and laboratory specimens (e.g., Hasiotis and Mitchell 1993; Hasiotis et al. 1993b; Hasiotis et al. 2004) . Architectural morphology pertains to the burrow's general shape, physical dimensions, crosssectional shape, and orientation in outcrop. Surficial morphology includes marks on the burrow walls of different sizes, shapes, and orientation. The burrow fill refers to the grain size, composition, degree of compartmentalization, and arrangement of infilling sediment (Bromley 1996) .
PALEOPEDOLOGY AND ALLUVIAL STRATIGRAPHY
Two primary lithologies are present in the Willwood Formation at Polecat Bench: varicolored mudrocks showing differing degrees of paleopedogenic development, and heterolithic intervals composed of drab-colored sandstone and mudrock. Varicolored mudrock intervals are characterized by red, yellow-brown, brown, and purple matrix and mottle colors; carbonate or Fe-oxide nodules; various types and abundances of rhizocretions and other trace fossils; and slickensides. Mudrock intervals are interpreted as moderately to well-developed paleosols that developed on fine-grained overbank deposits (Kraus and Aslan 1993; Kraus 1996 Kraus , 2002 .
Matrix and mottle colors are due to differing concentrations of hematite (Fe 2 O 3 ) and goethite (FeO(OH)) (e.g., Bigham et al. 1978; Schwertmann and Taylor 1989; Schwertmann 1993) . Red paleosol colors are produced by hematite, whereas yellow-brown colors are dominated by goethite (Kraus 2001) . The redder the color, the greater the percentage of hematite and the better drained the original soil feature. Purple colors are produced by widely distributed grains of hematite in the absence of goethite (e.g., Wright et al. 2000; Kraus 2001) , and gray paleosol colors are nearly devoid of both hematite and goethite (e.g., PiPujol and Buurman 1994). Purple and gray colors imply imperfectly drained soil conditions and likely resulted from gleying-the reduction and mobilization of Fe oxides-under prolonged saturated conditions in the presence of organic matter (e.g., Torrent et al. 1980; Wright et al. 2000) . Calcium carbonate as nodules or in association with rhizocretions and burrows indicate at least moderately to well-drained soil conditions during the time of their precipitation (PiPujol and Buurman 1997). Feoxide nodules, on the other hand, form in response to prolonged soil saturation and indicate imperfectly to poorly drained soil conditions (Vepraskas 1999) .
Heterolithic intervals are composed of medium gray to green-gray, fine-grained sandstone and mudrocks. These show diffuse red, yellowbrown, and purple mottles and contain fewer rhizocretions, burrows, and nodules than varicolored mudrock intervals. Heterolithic intervals are interpreted as avulsion-belt deposits that were only weakly modified by paleopedogenesis (Kraus and Aslan 1993; Kraus 1996) . Weak paleopedogenic development in these deposits suggests that sediment accumulation rates concurrent with avulsive deposition exceeded rates of pedogenesis.
Paleosol and avulsion deposit thicknesses, carbonate contents, and degrees of paleopedogenic development vary stratigraphically at Polecat Bench relative to the PETM interval (Woody 2007) .
Pre-and Post-PETM Deposits
Moderately to well-developed paleosols constitute , 35% of the measured section below and above the PETM interval (Fig. 2) . These are less than 1 m thick typically and consist of 1 or 2 red, yellow-brown, brown, or purple soil B horizons (Fig. 3A) . Paleosols are interbedded with 1-4 m of avulsion-belt deposits that commonly show relict bedding, dispersed organic matter, and molluscan body fossils, though most are pedogenically modified to some degree. Carbonate nodules and rhizocretions, and carbonate-filled burrows, are common in paleosols and some sandstone beds, though they are far less abundant than in PETM interval strata.
The predominance of avulsion deposits and thin paleosol profiles outside the PETM interval suggest high and nonsteady rates of sedimentation. The thin paleosols are typical of compound soil profiles. Compound soils form in settings where punctuated episodes of overbank sedimentation are frequent and of such volume that pre-existing floodplain soils are buried and isolated from pedogenic processes (Marriott and Wright 1993; Kraus 1999) .
PETM Interval Deposits
Paleosols constitute 55% of the PETM interval at Polecat Bench (Fig. 2) . Paleosols are 1-3 m thick and composed of 2-9 separate, less than 1-m-thick beds of red, brown, yellow-brown, or purple mudrock (Fig. 3B ). PETM interval paleosols show pervasive gray, yellow-brown, and purple mottles; blocky soil structure; abundant carbonate nodules and calcareous rhizocretions; well-developed slickensides; and more abundant trace fossils. The tops of paleosols typically are either overprinted by overlying paleosols or truncated by erosional events. Paleosols are interbedded with 1-5-m-thick intervals of avulsion belt deposits. Soil carbonate, in the form of pedogenic nodules, rhizocretions, and carbonate-filled burrows, increases significantly within the PETM interval (Woody 2007) .
Thicker and better developed soils and less frequent and thinner avulsion deposits suggests longer periods of subaerial exposure and a decrease in the frequency of avulsion deposition on the Willwood floodplain during the PETM. The thicker paleosols within the PETM interval are characteristic of cumulative soils. Cumulative soil profiles form in settings where overbank deposition is of low enough volume that sediments are incorporated into previously existing floodplain soils, rather than burying the soils and isolating them from further pedogenesis, as in compound soil profiles (Marriott and Wright 1993) . The multiple beds of varicolored mudrock constituting these paleosols are interpreted as separate soil B horizons and likely indicate varying moisture conditions at depth and during different stages of paleopedogenic development. The thick accumulations of well-oxidized sediments and greater abundance of calcium carbonate as pedogenic nodules, rhizocretions, and carbonatefilled burrows suggest improved soil-drainage conditions on the Willwood floodplain during much of the PETM (Kraus and Riggins 2007) .
The co-occurrence of the PETM and thick cumulative paleosols in the Willwood Formation is not exclusive to Polecat Bench-such paleosols characterize the onset of PETM throughout the Bighorn and Powder River basins (e.g., Wing et al. 2003; Kraus and Riggins 2007) . The wide geographic distribution of such distinctive paleosols in strata deposited during the PETM makes it highly unlikely these are due to changes in local floodplain conditions and, instead, represent an at least basin-wide if not regional change in fluvial conditions.
PRISMATIC PALEOSOLS
Prismatic soil structures at Polecat Bench are found almost exclusively in compound paleosols composed of thin-bedded (, 0.5 m thick), red to red-purple (5R to 5RP) sandy mudstones overlying up to 1-m-thick beds of green-gray (5GY), fine-grained sandstone (Fig. 3A) . Red to red-purple mudrock portions of these paleosols, in addition to distinct prismatic soil structures, show abundant gray mottles, moderately developed slickensides, calcareous rhizocretions, and such invertebrate trace fossils as Naktodemasis bowni. Sandstone units are massive and without prismatic structures or large calcareous rhizocretions generally, though individual prisms and networks of thin calcareous rhizocretions may be present. Lithologic contacts between sandstone units and red mudstones commonly are sharp, though color contacts may be gradational to irregular due to mottling.
Prismatic Soil Structure
Description.-Prismatic structures are present in densities up to several hundred per m 3 in host paleosols (Fig. 4A, B) . The prisms are predominantly vertical, straight to sinuous, roughly cylindrical shafts with rounded to subangular vertical faces and slightly concave to convex tops ( Fig. 5A-C) . Prisms are 15-50 mm in diameter and may narrow or widen slightly along their length. Prismatic structures are up to 400 mm long, but true lengths are obscured because they disappear into or out of the outcrop face and are segmented commonly into , 200 mm sections by slickensides (Fig. 4A) . Prisms commonly terminate at depth in rounded to bulbous enlargements up to twice the diameter of the preceding length (Fig. 5C, D) . Prism exteriors commonly show millimeter-scale knobby and transversely striated (centimeter-scale in length) surficial morphologies (Fig. 5A, E) , though most are coated with , 1 mm thick clay films (Fig. 5B-D) . Mottles and rhizocretions crosscut or, more typically, follow prism exteriors and extend away from prismatic structures into the surrounding matrix (Fig. 4A, B , 5B). The prisms are most commonly composed of the surrounding paleosol matrix, or are composed less commonly of sediment from overlying units. In sandstone units, prisms appear to extend downwards from overlying red to redpurple mudstones-mottling along the prism exteriors commonly produce undulatory to irregular color contacts (Fig. 6A ).
Interpretation.-In modern soils, prismatic peds develop commonly in smectitic subsurface horizons under arid to semiarid conditions or in poorly drained soils and fragipans in humid regions (Brady and Weil 2002) . The architectural and surficial morphology of the prismatic soil structures at Polecat Bench, however, suggests that these prism structures are actually the casts of freshwater crayfish burrows (Decapoda: Cambaridae). Paleosols intensely burrowed by freshwater crayfish have not previously been reported from the Willwood Formation, though they are common in the Upper Triassic Chinle (Hasiotis and Dubiel 1994) , the Upper Jurassic Morrison (Hasiotis et al. 1998) , and the Paleocene Fort Union formations (Hasiotis and Honey 2000) . The walls of extant crayfish burrows typically preserve the impressions of crayfish body parts and burrowing behaviors as scratch marks, scrape marks, striations, and knobby textures (Hasiotis and Mitchell 1993) . Fossil burrows with such surficial markings are assigned to the ichnogenus Camborygma and differentiated into ichnospecies based on burrow architecture (Hasiotis and Mitchell 1993) . Differences in burrow architectures (Fig. 7) preserve the tracemakers response to local and regional paleoenvironmental conditions during burrow excavation (Hasiotis and Mitchell 1993) .
Crayfish burrows at Polecat Bench are most similar to the ichnospecies Camborygma litonomos, on the basis of their simple architecture and relatively shallow depths. C. litonomos are associated commonly with pedogenically modified deposits, suggesting relatively low rates of sedimentation and subaerial exposure for at least part of the year (Hasiotis and Honey 2000) . Modern crayfish that construct similar burrows spend most of their lives in open water, but they burrow to reproduce or escape desiccation in areas with fluctuating water tables (Hobbs 1942 (Hobbs , 1981 . Crayfish body fossils have not been reported from the Willwood Formation, though they are described from the lower Eocene Fossil Butte Member of the Green River Formation in close association with the fossils of such aquatic fauna as ostracodes, shrimp, and fish (Feldmann et al. 1981) . No crayfish burrows have been reported from lacustrine deposits of the Green River Formation, likely because crayfish in such fully aquatic environments as rivers and lakes do not typically excavate burrows (Hobbs 1981; Hasiotis and Mitchell 1993) .
Spiders, cicadas, lungfish, amphibians, bees and wasps, tiger beetles, and dung beetles also are known to construct vertical burrows with some form of a terminal chamber (e.g., Evans 1963; Michener 1974; Stanley and Fagerstrom 1974; Ratcliffe and Fagerstrom 1980; Doube 1991; Hasiotis et al. 1993b; Hasiotis 2002; Hembree et al. 2005; Hasiotis and Bourke 2006) . Their burrow morphologies and pedogenic associations, however, discount these soil organisms as the tracemakers of the Willwood Formation prismatic structures. For example, cicada nymphs (Hemiptera: Homoptera: Cicadidae) also excavate predominantly vertical shafts with bulbous terminations prior to emergence en masse from the soil during their fifth instar developmental stage (e.g., White et al. 1979; Luken and Kalisz 1989) . Prism diameters in the Willwood Formation, however, are highly variable (15-50 mm), are greater than reported diameters for cicada emergence burrows, and have a slightly right-skewed distribution (Fig. 8) . All of these suggest that the prismatic structures were not constructed by cicadas but rather by populations of crayfish in different stages of development with many young adults compared to older, larger individuals.
Mottles
Description.-Vertical to subvertical, commonly downward-tapering and -branching, red, red-purple, and gray mottles with up to 50 mm circular to irregular-shaped cross sections and subvertical lengths up to 500 mm, commonly with red or purple rims (Fig. 4, 5B, 6A ).
Interpretation.-Branching patterns and circular cross sections suggest that mottles are redoximorphic Fe depletions and concentrations within and adjacent to ancient root-and burrow-generated soil channels. Such soil channels are susceptible to gleying because of the likely presence of organic matter (e.g., Schwertmann 1993) . As waters move away from the channel to better oxygenated parts of the soil, the mobilized Fe is oxidized and precipitated as neoferrans-red and purple rims associated with mottles and traces (PiPujol and Buurman 1994) . Such redoximorphic features are common in modern soils that experience saturated soil conditions for part of the year, followed by periods of better drainage and lower water tables (Bigham et al. 1978; Torrent et al. 1980 ).
Slickensides
Description.-Subvertical to subhorizontal centimeter-to meter-scale planar fractures with polished to striated, clay-lined surfaces. Entire paleosol profiles are crosscut by large slickensides that segment prismatic soil structures, rhizocretions, and other soil features (Fig. 4A) . Slickensides also form along the exteriors of prisms and nodules (Fig. 5B, D) .
Interpretation.-Pedogenic slickensides form around planes of weakness when smectite-rich sediments shrink and swell in response to seasonal wetting and drying (e.g., Yaalon and Kalmar 1978; Aslan and Autin 1998) . 
Calcareous Rhizocretions
Description.-Subvertical, downward-tapering and -branching, 10-50 mm diameter tubular structures up to 400 mm long containing solid to powdery calcite (Fig. 6B ). These are also present as networks of structures 1-5 mm in diameter showing a high degree of branching and containing powdery calcium carbonate, typically within gray mottles. 
Naktodemasis bowni
Description.-Sinuous, variably oriented, and unlined burrows composed of a nested series of ellipsoid-shaped packets containing thin, meniscate backfills ( Fig. 6C ; Smith et al. 2008) . Burrows have , 1-14 mm, circular to elliptical cross sections, are 10 to more than 150 mm long, and are present in groups of tens to thousands of individual specimens. Meniscate laminae typically are accentuated by alternating colors that correspond to matrix and mottle colors of the host rock. Naktodemasis are most abundant in red to red-purple mudstones, including those with prismatic soil structures.
Interpretation.-Naktodemasis bowni are interpreted as the locomotion and dwelling traces of burrowing insects-most likely burrower bugs (Hemiptera: Cydnidae), cicada nymphs (Hemiptera: Cicadae), and less likely by scarabaeid (Coleoptera: Scarabaeidae) or carabid beetles (Coleoptera: Carabidae)-on the basis of burrow morphology and comparison to traces produced by these organisms in modern soils (Smith et al. 2008) . Extant cydnids excavate backfilled burrows in wellrooted A horizons and upper B horizons of modern soils with 7-37% moisture content (Willis and Roth 1962) . Cicada nymphs and adult and larval scarabaeid beetles also excavate backfilled burrows with elliptical chambers, likely with similar soil moisture constraints (Counts and Hasiotis 2006; Smith and Hasiotis 2007) .
Cf. Cylindricum isp.
Description.-Predominantly vertical, straight to sinuous, unbranched, unlined, and smooth walled shafts with circular cross sections and gently rounded, unenlarged terminations. Burrow diameters range from 1 to 41 mm with an average diameter of 9.7 mm. Fill material typically is structureless sandstone, though burrows may also be filled with mudstone or carbonate. Cylindricum are uncommon in red to red-purple mudstones with prismatic soil structures, though they are the most abundant trace fossils in underlying sandstone beds.
Interpretation.-The lack of diagnostic morphologies complicates the assignment of these burrows to any specific group of tracemakers, though their orientation and preservation suggest formation in the upper vadose zone (e.g., Hasiotis 2002) . Cylindricum are similar to transient to temporary domichnia on modern floodplains produced by such burrowing organisms as beetles (Coleoptera), bees and wasps (Insecta: Hymenoptera), emerging cicada nymphs (Insecta: Hemiptera), spiders (Arachnida: Araneae), and mollusks (Bown and Kraus 1983; Hasiotis 2002) . 
J S R STRATIGRAPHIC DISTRIBUTION OF CRAYFISH BURROWS
The presence and abundance of Camborygma litonomos as prismatic structures in paleosols vary depending on stratigraphic position relative to the PETM interval (Fig. 2) . Crayfish burrows are abundant locally in red compound paleosols below and above the PETM interval, especially in the Red Mudstones and Purplish Red Mudstone (pre-PETM; Fig. 3A ) and the Top Red A and B (post-PETM) beds of Gingerich (2001) . The association of red to red-purple matrix colors, prismatic soil structures, and predominantly vertical rhizocretions in these paleosols typically indicates the presence of at least a few well-preserved, if initially difficult at first to discern, C. litonomos specimens. Such features were not observed in some of the measured sections through Purplish Red Mudstone and Top Red A paleosols, indicating lateral variability in crayfish burrowing on the ancient floodplain. Well-preserved C. litonomos specimens are relatively common in prismatic paleosols below the PETM interval and sparse in such paleosols above the PETM interval.
Within the PETM interval, crayfish burrows as prismatic soil structures are present in only two paleosols: the base of Lower Double Red A (Fig. 3B) and Purple-3. Lower Double Red A is typical of the cumulative paleosols that developed during the PETM (Fig. 2) . Crayfish burrows occur near the base of the profile in a series of red to red-purple mudstones and thin silty sandstone lenses atypical for the PETM interval and more characteristic of compound paleosols outside the PETM interval. Prismatic paleosols and Camborygma litonomos are completely absent from the predominantly red, cumulative paleosols that characterize the main body of the PETM interval between , 1512 and , 1531 m levels at Polecat Bench (Fig. 2) . Purple-3 is an , 1 m thick, red-purple paleosol that more closely resembles non-PETM compound paleosols and shows weak prismatic structure in its basal , 20 cm. Other crayfish burrows observed within the PETM interval were as single C. litonomos specimens and from paleosols that did not show prismatic soil structures or predominantly vertical carbonate rhizocretions.
DISCUSSION

Crayfish Burrows and Pedogenic Processes
Soil biota, including freshwater crayfish, is one of the five soil-forming factors that contribute to the formation of soils in subaerially exposed continental and marine deposits (Jenny 1941; Thorp 1949; Hole 1981; Retallack 2001) . Both pedoturbation (shrinking and swelling of clays, illuviation, and eluviation) and bioturbation act to destroy primary sedimentary structures and produce soil structures in the resulting soil profiles. Modern burrowing crayfish can initiate this process by homogenizing and redistributing sediments and organic matter to and from the ground surface and along the length of their burrows (Thorp 1949; Hole 1981; Hobbs and Whiteman 1991) . Crayfish burrows extend the effective depth of subaerial exposure and pedogenesis beyond their normal range by increasing soil aeration, improving drainage conditions, and transporting surface microorganisms deeper into the soil profile (Richardson 1983; Stone 1993) . Richardson (1983) found that soil respiration rates near burrow walls were approximately double that only 50 mm deeper into the soil matrix. Reduced CO 2 concentrations and increased availability of O 2 in the surrounding soil stimulate the growth of microbial films, fine root networks, and fungal hyphae close to burrow walls. Improvements in gas exchange and drainage also can promote the oxidation of Fe-minerals and precipitation of calcium carbonate in the soil matrix (PiPujol and Buurman 1997) . Such organisms as burrowing crayfish that significantly modify or maintain their physical environments and regulate the availability of resources for other species are referred to often as ecosystem engineers (Jones et al. 1994; Jouquet et al. 2006) .
Burrowing Eocene crayfish also likely initiated and mediated the pedogenic development of some overbank deposits on the Willwood floodplain (Fig. 9) . The uppermost part of crayfish-burrowed intervals defines a relatively stable paleo-surface under which pedogenic modifi-FIG. 9.-Interpreted formation of features associated with crayfish burrowed deposits. Time 1) River avulses and deposits fine-grained sand and mud onto the floodplain. Time 2) Flooding subsides, crayfish burrow to escape desiccation as water table (triangle) falls below the ground surface. Crayfish, plants, and other soil biota colonize the drained sediments and initiate pedogenesis. Time 3) Annual flooding deposits thin layers of sediment which are homogenized into the soil profile. Crayfish burrow deeper as water tables continue to fall; burrows promote oxidation and pedogenesis by improving aeration and drainage. Time 4) Crayfish abandon floodplain as water table deepens below levels they can reach; further pedogenesis modifies pre-existing crayfish burrows creating a prismatic soil structure. Time 5) Next avulsion buries and preserves the underlying soil.
cation of the sediment occurred (Hasiotis and Honey 2000) . As with modern crayfish, open burrows likely initiated the oxidation of Febearing minerals and stimulated the growth of roots, microbial films, and fungal hyphae along the burrow walls by improving soil gas exchange and drainage. These crayfish-mediated processes probably continued along burrow walls after the burrows were abandoned and filled with sediment and likely contributed to burrow preservation by maintaining a plane of weakness between the filled burrow and the surrounding soil.
Well preserved specimens of Camborygma litonomos, are uncommon in most prismatic paleosols despite the high volume of burrowing activity implied by dense collections of soil prisms. The rarity of well-preserved burrows suggests that bioturbation by crayfish in host soils had decreased or ceased altogether for some time prior to final burial of the soil. Distinct surficial morphologies on most burrows appear obscured by illuviated clay coatings, slickensides, bioturbation by other soil fauna, and plant rooting during this later, post-crayfish period of pedogenic modification. Such associated ichnofossils as Naktodemasis bowni and thick, predominantly vertical calcareous rhizocretions likely represent a later occupation of the soil media by tracemakers preferring lower water tables or more stable soil moisture conditions. This later period of paleopedogenesis acted to obscure or overprint pre-existing burrow fabrics but was not vigorous enough to obliterate it completely and resulted in a prismatic soil structure and remnant C. litonomos burrows throughout.
Implications for Paleohydrology and Paleoclimate
Modern freshwater crayfish burrow to escape extreme surface conditions or to create a source of standing water and humid air (Payette and McGaw 2003) . The depths and architectures of crayfish burrows reflect the amount of time the burrow was occupied, connectivity to surface waters, and local water-table position (Hobbs 1942 (Hobbs , 1981 . Crayfish construct burrows that range from simple subvertical to subhorizontal shafts a few centimeters deep, to complex burrow systems as much as 5 m in depth and composed of branching corridors and chambers of various size, shape, and location. Burrow depths, chamber positions, or horizontal branching often define the lower limit of the local water table. Studies of freshwater crayfish burrows in Permian to Holocene continental deposits demonstrate that burrow distributions, depths, and architectures reflect local and regional paleohydrologic conditions (Hasiotis and Mitchell 1993; Hasiotis et al. 1993b) .
The most prevalent crayfish species on the Willwood floodplain were probably tertiary burrowers judging by the architecturally simple and relatively shallow (, 400 mm) Camborygma litonomos burrows at Polecat Bench. Such species live typically in open waters and take refuge in simple, shallow burrows during the dry season in areas with relatively high or fluctuating water tables, or during the mating season (Hobbs 1981) . Prolonged episodes of low seasonal water tables and well-drained soil moisture conditions would likely preclude shallow-burrowing crayfish species from living out on the floodplain (e.g., Taylor 1983) . Tertiary burrowing species under these conditions would likely be relegated to such aquatic environments as stream channels, wetlands, and lakes (Acosta and Perry 2001) .
Decreases in the stratigraphic presence of prismatic paleosols and Camborygma litonomos specimens in much of the , 40 m PETM interval suggest that intense and prolonged burrowing by crayfish was less common on the Willwood floodplain during the global warming event, particularly between the , 1512 and , 1531 m levels. Less abundant crayfish-burrowed soils during the PETM likely signals a significant and prolonged shift toward improved soil drainage and an overall increase in water-table depths on the Willwood floodplain. Manganiferous rhizocretions, interpreted as indicating poorly drained soil conditions, follow much the same pattern-these are abundant in avulsion deposits outside the PETM interval, become increasingly rare above the , 1500 m level, and are absent between , 1512 and , 1531 m (Woody 2007) . The appearance of crayfish burrows and burrowed horizons toward the top of the PETM interval, specifically in the Purple-3 paleosol, likely signals a return to wetter conditions on the Eocene floodplain.
The formation of thick cumulative soils, and the presence of pervasive pedogenic carbonate nodules and calcareous rhizocretions within the PETM interval, also suggest that the Willwood floodplain experienced improved soil drainage conditions, along with less frequent flooding events. This interpretation agrees with previous studies that suggest that the PETM coincided with sharp decreases in mean annual precipitation and drier conditions on the Willwood floodplain (Wing et al. 2005; Kraus and Riggins 2007) . Pervasive mottling, well-developed slickensides, and Fe-oxide nodules in some paleosols within the PETM interval argue against arid or ever-dry conditions; rather, these redoximorphic features suggest an overall increase in seasonality with shorter inundated periods on the floodplain and longer dry seasons resulting in lowered water tables and increased subaerial exposure (e.g., Kraus 2001) .
CONCLUSION
Paleosols and continental trace fossils must be studied with an interdisciplinary approach that evaluates the physical, biological, and chemical components of paleosols to interpret more accurately their paleopedogenic and climatic history (e.g., Hasiotis et al. 2007 ). Crayfishmediated soil structures in paleosols of the Willwood Formation provide valuable information with respect to hidden biodiversity in the absence of body fossils, paleopedogenic processes, paleohydrologic regime, and paleoclimatic conditions during the early Paleogene in the Bighorn Basin, Wyoming. Such trace fossils as Camborygma, Naktodemasis, Cylindricum, and the various types of rhizoliths, however, are not isolated components of paleosols in the Willwood Formation; they were intimately linked to soil-forming processes at work on the Willwood floodplain. Crayfish burrowing, in particular, likely initiated and mediated pedogenic development of prismatic soils by homogenizing burrowed horizons, improving soil aeration and drainage, and stimulating rooting. Together, these processes produced peds in red and red-purple Willwood soils that originated as crayfish burrows and later developed into prismatic structures. Decreases in the stratigraphic presence and abundance of crayfish burrows from most of the PETM interval suggest a decrease in sedimentation rates and long-term drop in the paleo-water table levels. These were likely due to more pronounced seasonality and a major episode of drying on the Willwood floodplain during the transient, though severe, global warming during the PETM (Kraus and Riggins 2007) .
